This article deals with description of instrumentation required for micromechanical testing of isolated trabeculae, the basic structural elements of cancellous bone. Process of tensile and bending tests is described in terms of development of the testing devices, challenges connected with the micro-scale testing and precision of the measurements. The paper covers the whole testing procedure from tissue harvesting, sample preparation, experimental procedure and data evaluation. Inverse finite element identification of elasto-plastic material model with damage based on threepoint bending for simulation of deformation behaviour of trabecular bone is shortly discussed as well.
Introduction
Strength and toughness of trabecular bone as a highly hierarchically organized structure originates from the interaction between the microstructure and material composition of its constituents [1] . At the micro-scale level, trabecular bone can be considered as a composite material consisting of organic and inorganic constituents [2] . The matrix is formed by collagen fibres contributing with toughness to the bone properties. As reinforcing aggregates serve inorganic salts composed of calcium and phosphate which provide rigidity and stiffness of the bone. Besides the collagen other proteins (e.g. glycoproteins and proteinpolysacharides) are present in the bone in form of an amorphous mixture of extracellular material.
Due to complexity of the bone composition and requirements for proper description of the relationship between the bone microstructure and its overall mechanical properties (strength, stiffness, yield properties) it is necessary to measure properly the mechanical properties at the level of individual trabeculae. One has to bear in mind the very small dimensions of trabecula: average length of a trabecula from proximal human femur is 1 mm and average diameter approximately 120 µm. The very tiny proportions of a trabecula make the measurements quite a difficult task.
One of the powerful methods for investigation of mechanical properties of very small samples is nanoindentation. Small indenter (pyramidal shape, spherical shape, etc.) is pressed down into the specimen surface during the indentation process and load-penetration depth dependency is measured. Due to small loads and tip sizes (indentation area has only a few square micrometres or even nanometres and penetration depth is approximately 1 µm) the measurement of hardness is very localised and suitable contact surface is not easily found. For this reason nanoindentation technique is useful for determination of material properties of relatively rigid and homogeneous materials (whose mechanical properties are not significantly varied over the surface) or individual phases of samples (e.g. metals, coating, etc). Trabecular bone is a biological material and at micro level (1 − 20 µm) the individual trabeculae are composed from the following major structural entities: lamellae, canaliculi and cement lines. Lamellae (clearly visible in Fig. 1 ) are approximately 3 µm thick and are arranged longitudinally along the trabeculae. Structural composition of trabecula is from nanoindentational point of view inhomogeneous and results of nanoindentation are strongly influenced by the quality of sample preparation. Relatively soft sample must be embedded in a low shrinkable potting compound and gradually ground to reduce the surface roughness to a minimal possible value. To obtain overall properties the nanoindentation must be performed in grid of indents because the material properties are varied with distance from the centre of trabecula (core of trabecula) [3] . This makes nanoindentation a time-consuming process because the travel speed of in-dentation tip is limited. Other disadvantage of nanoindentation from mechanical point of view is in the estimation of plastic behaviour of materials. Only the elastic properties of a sample can be directly determined according to the Oliver-Pharr method [4] whereas the yield properties as well as softening behaviour can not be directly measured. On the other hand, mechanical testing (e.g. tensile or bending tests) is commonly used to measure nonelastic deformation behaviour. Overall elastic modulus, yield stress and strain can be simply identified from the measured stressstrain curve.
Despite the above mentioned problems with nanoindentation, it remains the most commonly used technique for measurement of mechanical properties of individual trabeculae. This study shows the possibility to use standard testing methods (three-point bending) to measure the mechanical properties of single trabeculae. The standard testing methods seems to be more suitable provided that the strains are properly measured and geometry of every sample is properly taken into account.
Materials and Methods
Because of the rod-like nature of the trabeculae, it is possible to utilize standard methods of material testing, e.g. tensile or bending tests [5] . Due to the very small dimensions and irregular shape of the trabeculae there are several limitations for the tests. Factors that make the measurement challenging consist in (i) preparation and handling of specimens, (ii) ensuring of proper boundary conditions, (iii) precise and reliable strain measurement.
Specimens preparation
Set of samples with length of 1 − 2 mm and thickness of 100 − 200 µm was extracted from human proximal femur (male donor, 72 years old). Thin slices of the bone were delipidated using an ultrasonic cleaner and detergent solution to remove the bone marrow. From the cleaned slices, trabeculae (see Fig. 2 ) were extracted (long and straight trabeculae were preferred to comply with the assumptions of the Euler-Bernoulli beam theory). 
Measurement of material properties using miniaturized mechanical tests
A custom microscale testing device (see Fig. 3 ) was employed [6] for the tensile and three-point bending tests. The device is based on a modular system of precise baseplate and linear bearing stages equipped with differential micrometers. For the loading control a precise linear stage driven by a stepper motor is used. The stepper motor is operated with a control unit controlled by a real-time operating system (here GNU/Linux) and a custom interface for the full control of the loading process was developed enabling proper synchronization with the force and displacement measurements.
In case of the tensile measurement the boundary conditions cannot be ensured properly by grips removing only 1 degree of freedom (DOF), but the tensile specimen is fixed using a fast setting glue and therefore the beam is fixed on both ends. Therefore three-point bending was preferred in our tests.
For the three point bending it is crucial to minimize the eccentricity of the loading tip to ensure a symmetric moment diagram and position of the maximum value of the bending moment in the midspan. The supports and the loading tip were machined from 20 µm thick steel sheets, precisely rounded on the contact edge to prevent damage of the specimen. 
Development of volumetric model of the specimen
Due to the irregular shape of each sample, a detailed volumetric model is required to be built for all tested trabeculae. The volumetric model is used for two purposes: (i) to obtain cross-sectional characteristics and precise orientation under the loading tip which is needed for consequent stress evaluation, (ii) for inverse finite element (FE) simulation described later in the text.
The volumetric model was developed based on shapefrom-silhouette method from captured optical projections. The reconstruction procedure consisted in acquisition of a sequence of 360 projections, pre-processing of the projections (e.g. segmentation, filtering, correction of eccentricity of rotational axis) and inverse Radon transform. Verification of the reconstruction procedure was performed by reconstruction of a volume with known dimensions [7] .
Highly sensitive load-cell was used to measure the applied force. Displacement of the loading tip causes excessive bending of the load cell base plate (where the strain gauge is located) where the change in electrical conductivity is measured. To ensure sufficient sensitivity, the load cell has relatively low bending stiffness which causes high level of bending and hence large displacement of the load cell in the loading direction (which can even be larger than the overall deformation of the measured sample). Due to this fact the deformation cannot be measured directly from the displacement of the loading stage and must be measured using a complementary method (here optical measurement is used).
Optical measurement of deformation
Optical measurement of deformations is challenging due to the high magnification required to get sufficient resolution of the acquired image data. The semitransparent nature of trabeculae is sensitive to proper (homogeneous and consistent) illumination. Pair of spotlights with color temperature of 3150 K was used for illuminating the sample in 160
• angle. 12-bit CCD camera with 1.3 Mpx chip attached to optical microscope with 24 × magnification was employed to obtain the optical data from the bending test with frame rate 8 images per second. One pixel represented an area approximately 1 µm 2 . Based on digital image correlation (DIC) method based on the Lucas-Kanade algorithm [8] the displacements on the sample surface were tracked. From the displacements, the strains were computed and the stressstrain curves plotted. To improve the results of the correlation algorithm fine carbon powder was used to create a random pattern on the sample's surface.
The accuracy of the optical measurements is also limited by the low depth of focus. The captured area is typically smaller than 1 mm 2 , but trabecula thickness may reach more than 100 µm. Due to the high magnification only a smaller part of the trabecula surface fits in the focused area. This may result in problems with DIC, because the correlation features may not be recognised by the correlation algorithm when a part of the image is out-of-focus.
Radiographical measurements
To overcome the problems with optical measurement of the strains, one can use X-rays instead of visible light to capture the deforming sample. Usually, in materials research, the X-ray digital radiography is employed for defectoscopy measurements as an effective method for investigation of inner parts of a sample. Similarly as the previously described DIC for optical strain measurement it can be used for displacement tracking [9] .
A set of micro-mechanical bending tests was performed to obtain the deformational behaviour utilising the radiographical methods [10] . In the experiments, a microfocus X-ray source with 5 µm spot and hybrid single-photon counting silicon pixel detector with resolution 256 × 256 µm and 55 µm pitch [11] were used. Set of corrections [12] reducing the noise in radiograms due the material inhomogeneity of the sample were performed to enable the application of the DIC method to the acquired radiograms. It is quite a challanging to apply the DIC to the sequence of the captured radiograms due to the beam hardening effect (effective attenuation coefficient of a material depends on the thickness of the material traversed) present when a polychromatic X-ray beam is used.
Improving the accuracy with microbeads
To further improve the accuracy of the displacement tracking in time-lapse radiographic imaging one can use a contrast agent or small markers attached to the specimen's surface. Usage of any contrast agent could be beneficial but standard impregnation of such a small specimens is nearly impossible and the volume of the agent would not be sufficient for the purpose of displacement tracking. The second possibility is the attachment of markers on the surface of the specimens. Commonly used polystyrene or silicon microbeads are available in suitable dimensions but the material atomic number is very low (Z Si = 14 ) compared to the bone main constituent, calcium (Z Ca = 20 ). Using silicone microbeads does not improve sufficiently the radiograms for the displacement tracking. To improve the visibility of the microbeads in the radiograms, material with higher atomic number must be used. In our experiments, we used gold (Z Au = 79 ) coated borosilicate glass microbeads (diameter 5 − 15 µm, golden layer 250 nm). To attach the microbeads to the specimen's surface, three-hour stiring of microbeads in a solution (de-tailed composition is presented in Tab. 1) using an electromagnetic disperser (40 rpm) provided satisfactorily homogeneous suspension without damage of the golden layer. After 30 s soaking in the suspension the samples were covered by a suitable random pattern of microbeads. The result of the procedure was controlled by a scanning electron microscope imaging using backscattered electrons probe, see 
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Added glutaraldehyde protects the samples from biological degradation. Glycerine increases viscosity of the solution and improves adhesion of the microspheres to the sample surface.
Precision of microtensile and microbending experiments
To evaluate the accuracy and measurement error of the micromechanical experiments two different materials with known mechanical properties were tested. The first material (see Fig. 5 ) was a sample of BoPET (Biaxially-oriented polyethylene terephthalate) film with 70 µm thickness, the second one was a sample of Co-Ni wire. For each tested material, 25 bending tests were performed and evaluated. Young's modulus, yield stress and yield strain were established from the complete stress-strain curves by the 0.2 % offset method and overall precision of measurement was determined as the upper limit of all measurements: for Young's modulus the precision was ǫ Y = 5 %, for the yield stress ǫ σY = 7 % and for the yield strain ǫ σY = 5 %. 
Results
To determine the material model suitable for complete description of deformational behavior of single human trabecula, one can use the measured stress-strain curves for indirect determination of advanced constitutive equation. Numerical simulations using the well-established FE method can be used on the irregularly-shaped geometry of the specimens. The procedure consists in proper development of the geometry of each tested specimen using the previously described shape-from-silhouette approach. Then an iterative approach is used to indirectly determine the elastic and plastic constants of the material model. Here, an elastoplastic material model with damage was used. This model requires to identify six material constants:
• elastic constants: Young's modulus (E) and Poisson's ratio (ν)
• constants for plasticity with von Mises yield criterion and bilinear isotropic hardening: yield point (σ y ) and tangent modulus (E tan )
• constants D 1 and D 2 for damage model published in [13] :
where E new is the degraded Young's modulus of an element which is calculated at the end of each loadstep, E 0 is the initial Young's modulus of the element and ε pl eqa is the accumulated equivalent plastic strain in the element at the end of loadstep.
The iterative approach minimizes the difference between the measured and calculated displacements in some control points. The control points are those used in optical tracking (either optical or X-ray measurements). In the FE model, the points are represented by nodal points. The same boundary conditions as in case of the bending experiment were applied to the FE model of each of the trabecular sample. The measured force was sampled in 100 points and load increments were prescribed in the simulation as loadsteps. Calculated displacements in the controlled nodal points were compared with movement of the correlation markers evaluated by DIC. According to the calculated error (based on the least squares method) the identified material constants were altered using a custom grid optimization algorithm and a new simulation was performed to minimize the error. Resulting constants for the best fit are shown in Tab. 2 and comparison of numerical and experimental movement of markers is depicted in Fig. 6 . 
Conclusion
In the article, thorough description of instrumentation required for proper micromechanical testing of isolated trabeculae as well as possible improvements for minimization of the measurement errors was presented. The detailed description of the microtensile and microbending tests was given and precision of the measurements and processing of the measured data was presented. As a possible improvement of the optical strain measurement time-lapse X-ray radiography with gold coated microbeads attached to the surface of the sample was used. This method proved to be more accurate than standard visible light DIC measurements.
As an example, fitting of elasto-plastic material model with damage was performed by minimizing the difference between the measured displacements and calculated response of the FE model of the sample. The described procedure is suitable for determination of parameters of advanced constitutive models for other materials and is not limited only to trabecular bone.
